ABSTRACT Staphylococcus aureus is a significant cause of infections worldwide and is able to utilize aerobic respiration, anaerobic respiration, or fermentation as the means by which it generates the energy needed for proliferation. Aerobic respiration is supported by heme-dependent terminal oxidases that catalyze the final step of aerobic respiration, the reduction of O 2 to H 2 O. An inability to respire forces bacteria to generate energy via fermentation, resulting in reduced growth. Elucidating the roles of these energy-generating pathways during colonization of the host could uncover attractive therapeutic targets. Consistent with this idea, we report that inhibiting aerobic respiration by inactivating heme biosynthesis significantly impairs the ability of S. aureus to colonize the host. Two heme-dependent terminal oxidases support aerobic respiration of S. aureus, implying that the staphylococcal respiratory chain is branched. Systemic infection with S. aureus mutants limited to a single terminal oxidase results in an organ-specific colonization defect, resulting in reduced bacterial burdens in either the liver or the heart. Finally, inhibition of aerobic respiration can be achieved by exposing S. aureus to noniron heme analogues. These data provide evidence that aerobic respiration plays a major role in S. aureus colonization of the host and that this energy-generating process is a viable therapeutic target.
mune response that, in the case of S. aureus, is composed primarily of neutrophil influx to the site of infection (14) . Each organ presents distinct respiratory challenges due to variations in (i) the amount of available oxygen, (ii) the availability of alternative electron acceptors, (iii) the concentration of respiratory inhibitors, such as nitric oxide produced by neutrophils, and (iv) the availability of cofactors required for energy production. S. aureus is particularly adept at overcoming respiratory challenges given its inherent resistance to nitric oxide and ability to persist within the host as respiratory-deficient small-colony variants (SCVs) (15, 16) .
SCVs are characterized by reduced growth and are an etiological agent of persistent staphylococcal infections. The slow growth of S. aureus SCVs is due to genetic mutations that inactivate the biosynthesis of cofactors required for respiration, such as menaquinone or heme (15, 17) . The respiration defect in SCVs is thought to lead to an increased ability to resist antibiotic treatment due to loss of the PMF, preventing antibiotic transport across the bacterial membrane. Therefore, antibiotic treatment selects for the formation of SCVs (15, 18, 19) . The finding that heme biosynthesis mutants are often isolated from patients experiencing persistent infection suggests that de novo heme biosynthesis plays a significant role in staphylococcal infection. However, the importance of endogenous heme biosynthesis and aerobic respiration to systemic infection has not been defined.
We hypothesize that a heme-dependent branched respiratory chain allows S. aureus to overcome respiratory challenges it encounters during infection. In keeping with this, previous biochemical and bioinformatic analyses suggest that S. aureus encodes two terminal oxidases, one encoded by the cydAB locus and another encoded by the qoxABCD locus (8-10, 16, 20-22) . However, our understanding of the terminal oxidases that comprise the electron transport chain of S. aureus and their role during systemic infection is incomplete. In this report, we demonstrate that endogenous heme biosynthesis is required for initiating systemic infection. Furthermore, we establish a requirement for terminal oxidases and aerobic respiration during infection as well as identify the energy-generating pathways that are required for colonization of specific vertebrate organs. Inhibiting respiration with noniron metalloporphyrin heme analogues decreases growth by inducing fermentation, providing evidence that this critical energy-generating process can be targeted by small molecules.
RESULTS

Endogenous heme biosynthesis is required for S. aureus systemic infection.
HemA catalyzes the first committed step of the C 5 heme biosynthesis pathway (23, 24 ). An S. aureus hemA mutant was constructed in order to determine the contribution of heme biosynthesis to systemic infection (Table 1) . hemA mutants are SCVs that can be chemically complemented by supplementation of solid growth medium with the universal heme precursor ␦-aminolevulinic acid (ALA) or heme (25, 26) (data not shown). Consistent with this, growth of the hemA mutant in liquid medium is reduced compared to that of the wild type (WT), but growth can be restored to WT levels when ALA or heme is added to the medium (Fig. 1A) . The hemA growth defect can also be complemented when hemA is expressed in trans from a plasmid (data not shown). Chemical complementation of the hemA growth defect by supplementing the medium with heme supports the idea that the hemA mutant can utilize heme it scavenges from the environment. This finding implies that exogenous heme acquired during infection will support WT-like growth of the hemA mutant within the host. The restoration of the hemA growth defect upon ALA supplementation allows for the comparison of virulence between the hemA and WT strains without the results being confounded by differential in vitro growth kinetics prior to infection. To ascertain the colonization capacity of the hemA mutant in comparison to that of the WT, a murine model of systemic infection was employed. In these experiments, bacteria were rarely re- The final concentration of aminolevulinic acid (ALA) and heme added to the growth medium was 75 g ml Ϫ1 (gray squares) and 2 M (gray diamonds), respectively. The average from three independent experiments is shown. Error bars represent one standard deviation from the mean. (B) Female BALB/c mice were systemically infected with 10 7 CFU of the wild type (WT; circles) or an hemA mutant (squares) of S. aureus, and bacterial burdens were determined 96 h postinfection. The dotted line represents the limit of detection. Error bars represent one standard deviation from the mean. The mean is represented by a horizontal bar. *, P Ͻ 0.0001, via an unpaired Student t test. Gray symbols represent organs where no bacteria were recovered. None of the mice infected with the hemA mutant had recoverable CFU in the heart. Five mice had recoverable CFU in the kidneys and the liver when infected with the hemA mutant.
covered from hearts and livers of mice infected with the hemA mutant, compared to considerable colonization in each of these organs by the WT strain (Fig. 1B) . In contrast, bacterial burdens were not significantly reduced in the kidney; however, a biphasic distribution of enumerated bacteria suggests that the ability of hemA to establish colonization in this organ is impaired (Fig. 1B) . Importantly, bacteria recovered from mice with high burdens of the hemA mutant retained the ALA-responsive SCV phenotype. These data support the conclusion that de novo heme biosynthesis is required for S. aureus to establish colonization of murine hearts and livers. S. aureus encodes two terminal oxidases that support aerobic growth. The SCV phenotype results from the inability of S. aureus to aerobically respire (15) . Two well-defined S. aureus SCVs, the hemB and menB mutants, are unable to synthesize heme and menaquinone, respectively. These two mutants have significant aerobic growth defects in both liquid and solid media (18, 27) ( Fig. 2A ; see also Fig. S1 in the supplemental material). Heme is an essential cofactor for terminal oxidases, and menaquinone is the electron carrier utilized by S. aureus (15, 17, 28) . Therefore, the reduced growth of the hemB and menB mutants represents a phenotype that should be mimicked by loss of terminal oxidases. Previous biochemical analyses and a genomic search for terminal oxidase homologues revealed that S. aureus contains two terminal oxidases, an annotated cytochrome bd encoded by cydBA and an annotated cytochrome aa 3 encoded by qoxABCD (9, 10, 21) . qoxB and cydB mutants were created and used to assess the contribution of these cytochromes to staphylococcal growth ( Table 1 ). The cydB mutant exhibits no growth defect when cultured in liquid medium ( Fig. 2A) . In contrast, the qoxB mutant is slightly reduced for aerobic growth, suggesting that it is the dominant terminal oxidase utilized under these conditions. When grown on solid medium, the colony morphologies of both mutant strains are similar to that of the WT (see Fig. S1 ) (20) .
A cydB qoxB double mutant was constructed in order to determine the importance of both terminal oxidases to staphylococcal aerobic growth. This mutant is significantly reduced for growth in liquid medium compared to that of either of the representative single mutants (Fig. 2A) . The growth reduction of the cydB qoxB mutant is comparable to that of the respiratory-deficient menB and hemB mutants ( Fig. 2A) . When grown on solid medium, the cydB qoxB mutant exhibits an SCV phenotype, suggesting that this mutant is unable to aerobically respire (see Fig. S1A ).
In order to determine if a single terminal oxidase is sufficient for WT growth, a cydB qoxB strain harboring a plasmid providing the constitutive expression of the cydAB operon was constructed (pcydAB). The cydB qoxB mutant containing pcydAB had growth comparable to that of the WT, but the cydB qoxB mutant harboring a vector control was significantly reduced for growth ( Fig. 2B ; see also Fig. S1B ). These data demonstrate that the activity of either cytochrome is sufficient to support aerobic growth of S. aureus.
The terminal oxidases of S. aureus are required for aerobic respiration. The reduced growth phenotype of the cydB qoxB mutant suggests that aerobic respiration is inhibited in these cells. In this case, the capacity of cydB qoxB to generate a PMF should be impaired, and this strain should be limited to fermentation to produce energy and maintain redox balance. The ability of these strains to generate a component of the PMF, the membrane potential, was assessed using the fluorescent dye 3=3=-diethyloxacarbocyanine iodide (DiOC 2 ). When bacteria generate a membrane potential, DiOC 2 accumulates intracellularly and self-associates, resulting in a shift from emitting green fluorescence to emitting red fluorescence. Cells unable to generate a membrane potential accumulate less dye and emit green fluorescence (29) . A shift to the red spectrum, indicative of the presence of a membrane potential, was observed when the WT and cydB and qoxB mutant strains were grown to mid-log phase and incubated in the presence of DiOC 2 (Fig. 3A) . No shift was observed when the menB, hemB, or cydB qoxB mutant strains were grown in similar conditions, indicating that these strains are significantly impaired for the ability to generate a membrane potential (Fig. 3A) . To test the hypothesis that the terminal oxidase cydB qoxB double mutant is fermenting in order to support growth, the amount of L-and D-lactate that accumulated in the supernatant when S. aureus was grown to stationary phase was measured. A significant increase in the amount of both isomers of lactate was observed in the supernatant of the cydB qoxB double mutant strain compared to that of the WT and cydB or qoxB single-mutant strain (Fig. 3B ). The amounts of L-and D-lactate produced by cydB qoxB were comparable to either the menB or hemB respiratory-deficient mutants. Expression of the cydAB operon from a plasmid is suffi- subcultured into fresh medium, and incubated at 37°C. The growth of the strains was monitored over time by measuring optical density at 600 nm. The average from three independent experiments is shown. Error bars represent one standard deviation from the mean. (B) Wild-type (WT) S. aureus and the qoxB cydB mutant harboring a plasmid control (pOS) or a plasmid containing the cydAB operon (pcydAB) were grown overnight, subcultured into fresh medium, and incubated at 37°C. The growth of the strains was monitored over time by measuring optical density at 600 nm. The average from three independent experiments is shown. Error bars represent one standard deviation from the mean.
cient to reverse the loss of a membrane potential and reduce the amount of L-and D-lactate produced by the cydB qoxB double mutant ( Fig. 3C and D) . These results support the conclusion that cytochromes encoded by the qox and cyd operons are the exclusive terminal oxidases utilized by S. aureus to generate a membrane potential and facilitate aerobic respiration. Branched-chain electron transport is required for full staphylococcal virulence. Each vertebrate organ presents a unique metabolic challenge to bacterial colonization, and given the reduced colonization of the hemA mutant, a heme-dependent branched respiratory chain may allow S. aureus to meet and overcome these challenges. Therefore, the ability of the cydB or qoxB strains to colonize the heart, kidneys, and liver was evaluated using a murine model of systemic infection. Mice were infected with WT S. aureus or each of the single terminal oxidase mutants, cydB or qoxB. Bacterial burdens were decreased in the heart by approximately 2 logs following challenge with cydB, whereas bacterial burdens in the liver were decreased by approximately 4 logs when qoxB was inactivated (Fig. 4) . The liver colonization defect of qoxB is consistent with previously published studies (20) . The in vitro growth defect of qoxB does not explain the liver colonization defect, as this mutant colonizes the heart and kidneys to levels comparable to those of the WT (Fig. 4) . The differential colonization of cydB and qoxB is also consistent with the hemA infection data, which demonstrate reduced bacterial loads in both the heart and liver (Fig. 1B) . These data support the idea that the cytochromes have distinct roles during pathogenesis and are not functionally redundant. These findings also suggest that targeting terminal oxidases might be a viable antimicrobial strategy.
Noniron metalloporphyrins restrict the metabolic flexibility of S. aureus by inhibiting aerobic respiration. Previous reports have demonstrated that noniron metalloporphyrins inhibit the growth of many species of bacteria in iron-limited conditions (30) . It has been proposed that the mechanism by which these molecules exert their antimicrobial activity is through incorporation into cytochromes, resulting in respiration arrest (30) . In ironreplete conditions, S. aureus traffics heme (iron-protoporphyrin IX) to the plasma membrane (31) . In similar growth conditions, increasing concentrations of either gallium protoporphyrin (GaP-PIX) or zinc protoporphyrin (ZnPPIX) significantly reduces S. aureus growth and induces the SCV phenotype ( Fig. 5A ; see also GaPPIX and ZnPPIX toxicity in S. aureus is more potent in aerobic growth conditions (Fig. 5B ) and when iron is depleted from the growth medium ( Fig. 5C ) (30) . A mutant inactivated for heme transport through the iron-regulated surface determinant system (isdC) does not abrogate the toxicity of GaPPIX or ZnPPIX in iron-replete or iron-deplete growth conditions (data not shown).
To determine the localization of GaPPIX within the cell, inductively coupled plasma mass spectrometry was employed, and the localization of the gallium atom in cell fractions of S. aureus was measured when the bacteria were exposed to either GaPPIX or Ga(NO 3 ) 3 . Greater than 50% of total gallium is found in the plasma membrane fraction when S. aureus is grown in the presence of GaPPIX (Fig. 6A) . However, the majority of the gallium localizes to the cell wall when S. aureus is grown in the presence of Ga(NO 3 ) 3 (Fig. 6A ). These results demonstrate that when gallium is complexed within a protoporphyrin ring, it is preferentially trafficked to the plasma membrane.
The growth reduction in the presence of GaPPIX and ZnPPIX combined with the plasma membrane localization of GaPPIX suggests that these noniron metalloporphyrins are inhibiting aerobic respiration. Consistent with this, the ability of S. aureus to generate a membrane potential is reduced when the bacteria are exposed to GaPPIX or ZnPPIX (Fig. 6B ). This collapse in membrane potential was associated with a concomitant increase in the amount of both L-and D-lactate measured in the supernatant of bacteria exposed to increasing concentrations of both GaPPIX and ZnPPIX (Fig. 6C) . These results support the hypothesis that the noniron metalloporphyrins incorporate into the cytochromes, whereby they inhibit aerobic respiration and force S. aureus to ferment in order to support growth. Consistent with this hypothesis, we observed an increase in the percentage of GaPPIX found within the cell wall fraction of the cydB qoxB mutant, implying that trafficking of noniron metalloporphyrins to the membrane is impaired in this strain (Fig. 6D) . Given the attenuation of the cydB and qoxB mutants in the systemic model of infection, these findings establish small-molecule targeting of the terminal oxidases as a valid strategy to develop antimicrobials to treat S. aureus infections.
DISCUSSION
In this report, we demonstrate that hemedependent aerobic growth of S. aureus is critical for pathogenesis. Endogenous heme powers a branched respiratory chain that utilizes two terminal oxidases. Limiting the staphylococcal respiratory chain to a single terminal oxidase impairs the infectious capacity of this pathogen. Inactivation of heme biosynthesis further exacerbates S. aureus infection of the host, as measured by a decrease in liver and heart colonization. Branched respiratory chains ensure efficient energy production in diverse aerobic environments. This feature of branched respiratory chains is particularly important for bacterial pathogens that experience rapid changes in the host environment during infection. For example, Mycobacterium tuberculosis differentially regulates components of a branched respiratory chain in order to adapt to the host immune response. In the transition from acute to chronic infection, M. tuberculosis concomitantly downregulates cytochrome aa 3 and upregulates cytochrome bd (4). The shift to cytochrome bd-mediated respiration facilitates energy generation in the presence of increased nitric oxide and decreased oxygen levels. Consistent with these findings, M. tuberculosis cytochrome bd mutants are not able to establish persistent lung infections (4). Inactivation of cytochrome bd also has deleterious effects in an Escherichia coli murine intestine colonization model and leads to attenuation of Shigella flexneri virulence (32, 33) . These results highlight the importance of cytochrome bd to bacterial colonization of the host and provide further evidence that targeting the flexibility of aerobic respiration is a potent strategy for combating a variety of bacterial infections.
It should be noted that the cytochromes encoded by cydAB and qoxABCD are annotated as a cytochrome bd and a cytochrome aa 3 , respectively. The name given to a cytochrome is determined by its spectral signature, which is dependent upon the heme cofactor bound to the cytochrome. Therefore, a cytochrome bd is predicted to utilize a heme b and heme d, whereas a cytochrome aa 3 is predicted to use two heme a cofactors. However, elegant biochemical experiments have demonstrated that a cytochrome bo and a cytochrome ba 3 are the predominant terminal oxidases in S. aureus, suggesting that the cydAB and qoxABCD operons are incorrectly annotated (9, 10, 21, 22) . In support of this, the S. au- reus CydA and CydB share limited homology with CydA and CydB from other bacterial species (21) . Our work demonstrates that the structural components encoded by cydAB and qoxABCD are the exclusive terminal oxidases in S. aureus but highlights the need for biochemical analysis of the cydB and qoxB mutants in order to determine the heme moieties that are found within these cytochromes.
The differential colonization of host organs by S. aureus single terminal oxidase mutants underscores the importance of a branched respiratory chain to staphylococcal pathogenesis. Despite the fact that both the cydB mutant and the qoxB mutant are capable of aerobic respiration, these two strains differ significantly in their capacity to colonize the host. Several factors likely represent barriers to colonization in each organ. One of these factors is the ability to generate energy in the presence of a robust innate immune response. Neutrophil recruitment to the site of infection leads to a burst in the respiration inhibitor nitric oxide. Upon exposure to nitric oxide, S. aureus increases the expression of cydAB (16) . In Escherichia coli, a cytochrome bd facilitates respiration in low-oxygen environments containing nitric oxide due to its high affinity for oxygen and rapid nitric oxide dissociation rate (34) . The biophysical properties of the staphylococcal terminal oxidases and the heme moieties that complex with each cytochrome have yet to be elucidated; however, it is tempting to speculate that one mechanism by which S. aureus resists neutrophilmediated killing is by rerouting electrons to a terminal oxidase that is functional in the presence of nitric oxide.
The lack of a functional terminal oxidase leads to an inability to respire and a severe growth defect in vitro known as the SCV phenotype. These strains are clinically relevant given their ability to cause persistent infections and to resist to antimicrobial therapy (15) . The virulence capacity of the hemB and menB SCVs has previously been tested in a rabbit endocarditis model of infection. Results from this study demonstrated that both menaquinone and heme biosynthesis are dispensable for colonizing the heart valves in rabbits. Interestingly, the menB mutant strain persistently colonized the kidney in this model (35) . In our study, the kidney is the only organ where the respiratory-arrested hemA mutant and both the cydB and qoxB mutants colonize to appreciable levels. Consistent with this, mutants of S. aureus that are unable to reduce pyruvate to L-lactate are reduced in their ability to form renal abscesses and are outcompeted by WT S. aureus in this organ (36) . These findings support a model in which aerobic-independent metabolic pathways facilitate colonization of the kidney. Given the ability of S. aureus to fine-tune its aerobic respiration to overcome challenges presented by the host, limiting the metabolic flexibility of S. aureus has the potential to promote host clearance of this microbial threat in an organ-specific manner.
GaPPIX and ZnPPIX are examples of small molecules that inhibit staphylococcal aerobic respiration and restrict the energygenerating pathways available to this pathogen. GaPPIX and Zn-PPIX inhibit the generation of a membrane potential and force S. aureus to generate energy via fermentation. The ability of these noniron metalloporphyrins to inhibit aerobic respiration suggests that these molecules exert their effect by incorporating into the terminal oxidases (30) . Interestingly, chemical inhibition of aerobic respiration via the noniron metalloporphyrins results in an increased ratio of L-lactate to D-lactate compared to the genetic inactivation of aerobic respiration (Fig. 6C) . In SCVs, the amounts of L-lactate and D-lactate produced are comparable (Fig. 3B) . A similar result is observed when S. aureus is exposed to nitric oxide, suggesting that chemical inhibition of aerobic respiration alters the fermentative activity of this pathogen (36) .
Previous work has demonstrated that the acquisition of host heme is essential for S. aureus pathogenesis and is the preferred source of nutrient iron (31) . Under iron-replete conditions, exogenous heme is trafficked to the membrane (31) . Given the finding that the heme analogue GaPPIX is also trafficked to the membrane, we propose a model in which exogenously acquired heme is transported to the terminal oxidases in order to support aerobic respiration during infection of host tissues when an alternative iron source is present.
Due to the clinical significance of S. aureus and the high prevalence of antibiotic-resistant strains, new therapeutics are required to combat this pathogen. The metabolic pathways that support staphylococcal growth within the host are beginning to be elucidated, and these pathways may prove to be candidate targets for therapeutic intervention. Heme-dependent aerobic respiration is one pathway that is required for full S. aureus pathogenesis, and it is inhibited by the noniron metalloporphyrins GaPPIX and ZnPPIX. However, respiration-impaired SCVs are etiological agents of persistent infections, suggesting that therapeutic intervention that induces SCVs may result in a more insidious disease state (27, 37) . Therefore, small molecules that are toxic to SCVs could provide novel dual-treatment therapies that would also be efficacious for people suffering from persistent infection (38) . SCVs and small molecules that induce the SCV phenotype provide a discovery platform for these potential alternative strategies (37) . Given the ability of many microbial pathogens to develop drugresistant persistent subpopulations, the elucidation of the metabolic pathways that sustain the adaptation to the persistent phenotype will aid in the development of treatments for persistent infections (39) .
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study are described in Table 1 . All strains are derivatives of the human clinical isolate, S. aureus Newman (40) . The hemA, menB, and qoxB isogenic inframe deletion mutants were constructed using previously described methods (41) . The cydB::erm mutant was isolated from a Tn917 transposon insertion library of S. aureus Newman. PCR revealed that the Tn917 inverted repeat sequence mapped adjacent to the 1,058,914 bp of the S. aureus Newman genome in the cydB mutant. This is 65 bp downstream from the putative cydB start codon. A backcross of the erythromycin cassette-disrupted cydB allele into WT S. aureus Newman was produced via phage ⌽85-mediated transduction (42) . The backcrossed cydB::erm strain was used in the studies described here. Phage ⌽85-mediated transduction of the cydB erythromycin cassette-disrupted allele was also used to construct the cydB qoxB double terminal oxidase mutant. The cydAB operon was PCR amplified and cloned into the pOS1 P lgt plasmid (43) using primers 5= GCGCTCGAGATGGATACAGTTGAAATCAGTC 3= and 5= GCGGGATCCTTATGATTTCTTTCCTTCAACATA 3=. An S. aureus 8325-4 hemB::erm mutant was kindly provided by the Friedrich Götz laboratory (18) . Transduction of the hemB::erm mutant allele into wildtype S. aureus Newman was mediated by phage ⌽85 (42). Antibiotic selection of erythromycin cassette-containing resistant recipient cells was achieved with 10 g ml Ϫ1 erythromycin. Antibiotic selection of strains containing the pOS plasmid was achieved by using 10 g ml Ϫ1 of chloramphenicol. Bacteria were routinely grown in Trypticase soy broth (TSB) at 37°C. All strains were diluted 1:100 from overnight cultures into fresh TSB-containing 96-well round-bottom plates, and growth was measured by optical density at 600 nm. Stock solutions of porcine hemin (Sigma), gallium protoporphyrin (GaPPIX), and zinc protoporphyrin (ZnPPIX) (Frontier Scientific) were resuspended to a final concentration of 10 mM in dimethyl sulfoxide (DMSO) and used at the indicated concentrations. Growth experiments were conducted in the absence of light to reduce the exposure of the cells to the protoporphyrin-induced photodynamic effect. ALA was supplemented to the growth medium at a final concentration of 75 g ml Ϫ1 . Anaerobiosis was achieved by growing the bacteria in 15-ml conical tubes containing an abundance of degassed TSB. The tubes were then placed within a growth receptacle containing an AnaeroGen compact anaerobic atmosphere-generating pouch (Oxoid Ltd., England) and were incubated at 37°C. Anaerobic indicator strips (Becton, Dickson and Company) were used to ensure that anaerobiosis was achieved.
Measurement of the membrane potential. The BacLight bacterial membrane potential kit (Invitrogen) was used to monitor the membrane potential of S. aureus mutants. Mid-exponential bacterial suspensions were added to a 1-ml phosphate-buffered saline (PBS) solution containing 30 M DiOC 2 . After a 30-minute incubation at 37°C, samples were analyzed by the Vanderbilt Flow Core. For each sample, the membrane decoupler, CCCP (5 M), was used as a positive control for loss of the membrane potential.
Lactate production. Bacterial strains were subcultured 1:100 from cultures grown overnight into fresh TSB. These cultures were grown for 15 h at 37°C. The cells were pelleted and the supernatant was collected. The amount of L-and D-lactate in the culture supernatants was analyzed using the commercially available Boehringer Mannheim enzymatic UV method (Roche).
Systemic mouse infections. Eight-week-old female BALB/c mice were retro-orbitally infected with 10 7 CFU of bacteria resuspended in PBS. After 96 h of infection, animals were sacrificed and the heart, kidneys, and liver were harvested and homogenized in 1 ml PBS. Bacterial burdens within each organ were quantified by counting CFU obtained from serial dilutions of the organ homogenate. Infections were performed at the Vanderbilt University Medical Center under the principles and guidelines described in the Guide for the Care and Use of Laboratory Animals. Vanderbilt University Medical Center is an American Association for Laboratory Animal Science (AALAS)-accredited facility using Institutional Animal Care and Use Committee (IACUC)-approved (7 September 2012) protocol M10165. The Vanderbilt University Medical Center is registered with the Office of Laboratory Animal Welfare (OLAW), assurance number A-3227-01.
Inductively coupled plasma mass spectrometry (ICP-MS) tracking. Teflon sample collection tubes were washed in 6 N HCl for 2 weeks and then washed at least 5 times with deionized water to remove all metals. Overnight cultures of S. aureus grown in TSB medium were washed and normalized by optical density. Bacteria were then subcultured into medium containing 2 M GaPPIX or 2 M GaNO 3 and were incubated at 37°C for 4 h. The cultures were then normalized and pelleted. The supernatants were removed and concentrated at room temperature by vacuum. The pellets were then washed three times in Tris-buffered saline (50 mM Tris base, 150 mM NaCl, pH 7.5) and transferred to flat-bottom Teflon tubes. The cell wall was removed by lysostaphin (0.1 mg) treatment in Tris sucrose magnesium buffer (50 mM Tris base, 500 mM sucrose, and 10 mM MgCl 2 , pH 7.5), followed by pelleting. The cell wall fraction (supernatant) was transferred to Teflon tubes, while the pellets were resuspended in Tris-buffered saline and sonicated, followed by ultracentrifugation (100,000 ϫ g) for 1 h. The cytoplasmic fractions (supernatant) were transferred to clean Teflon tubes, and the membrane fractions (pellets) were resuspended in Tris-buffered saline. Nitric acid (1 ml; Optima) and hydrogen peroxide (100 l) were added to each Teflon tube, and samples were boiled at 130°C until dry. Dried samples were sent for analysis by ICP-MS at Applied Speciation and Consulting (Bothell, WA).
Statistical analyses. Statistical significance was determined with the Student t test (GraphPad Prism). Results were considered significant if the P value was less than 0.05.
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